Real-time in situ optical measurements were performed during the oxidation of ultrathin Al layers with a view to study oxidation kinetics and provide process control. The optical technique combines high temporal and spatial resolution with submonolayer sensitivity. In situ x-ray photoelectron spectroscopy measurements on the same samples are in good agreement, confirming the accuracy and sensitivity of the technique. For all thicknesses studied, the initial oxidation is extremely rapid, with quasilogarithmic behavior over the whole time scale. This technique could be utilized to study a wide variety of in situ reactive processes. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1379046͔
The growing field of magneto-or spin-electronics has recently focused great attention on magnetic tunnel junctions. 1 In these junctions, consisting in essence of two magnetic layers separated by an ultrathin insulating layer, substantial magnetoresistance effects (Ͼ40% at 295 K͒ with large low-field sensitivity (Ͼ10%/Oe͒ can be realized. Devices based on so-called magnetic tunnel junctions ͑MTJs͒ have enormous potential for use as low-field magnetic field sensors ͑e.g., hard disk read heads͒ or nonvolatile memories ͑MRAMs͒.
2 Perhaps the most challenging step in fabricating reliable MTJs is the creation of a nanometer or subnanometer insulating barrier layer ͑typically 0.7-2.0 nm͒. Most successful to date have been insulating barriers based on the oxidation of thin Al layers, either by thermal or plasma oxidation. However, while there are few methods for postprocess characterization of ultrathin insulating layers, [3] [4] [5] [6] even fewer characterization tools exist which are capable of in situ process monitoring.
Previously, the authors have developed an optical polarization modulation technique to provide a simple, fast, and flexible method for postprocess characterization of thin oxide layers. 4 In this article, we describe an adaptation of this method to allow in situ, real-time differential ellipsometry measurements on the oxidation or nitridation of a variety of thin metallic layers. Though several different metals were successfully studied ͑Al, Co, Cr, Ta, Hf, Ru, Mg, and Au͒, we report here only the results for Al films. The present technique allows process control during oxidation with potentially high temporal (ϳ100 ms͒, and spatial (Ͻ100 m͒ resolution, as well as the capability to see submonolayer amounts of remaining unoxidized metal. Optical results are compared with in situ x-ray photoelectron spectroscopy ͑XPS͒ measurements on the same samples, confirming the sensitivity and accuracy of the technique as well as demonstrating its viability as a characterization or process control tool. Combining the present time-resolved oxidation measurements with previous thickness-dependent 4 studies suggests that the microstructure of the polycrystalline metal films plays a key role in determining the oxidation kinetics.
The thin metallic layers were prepared by ultrahigh vacuum magnetron sputtering ͑base pressure Ͻ5ϫ10 Ϫ9 mbar͒, where the oxidation was performed both thermally and in an oxygen plasma. Oxygen was introduced first into a small-volume lowpressure (ϳ50 mbar͒ buffer chamber which could be filled to a precise pressure. The oxygen buffer chamber could then be rapidly opened to the main chamber, giving a reproducible and stable pressure within approximately 1 s, and thus a well-defined and constant oxygen pressure ͑0.1 mbar͒ for the initial fast oxidation regime. For plasma oxidation, power was applied to the Al glow-discharge cathode before oxygen was introduced into the chamber, allowing a stable oxygen plasma also within approximately 1-2 s.
Differential ellipsometry was performed to monitor the oxidation process in situ, exploiting the extreme contrast between the dielectric constant of a metal and that of its oxide. 7 The optical setup, shown in Fig. 1 , is essentially as described in Ref. 4 . A He-Ne laser (ϭ632.8 nm͒ beam is passed through a polarizer at an angle ␣, after which the beam reflects from the sample, mounted in the oxidation chamber, with an incidence angle of approximately 40°. The change in the polarization state of the light upon reflection from the sample is analyzed by passing the reflected light through a photoelastic modulator ͑PEM͒ operating at 50 kHz, and an analyzer set to an angle of 45°with respect to the PEM. A lock-in amplifier is used to filter out the oscillatory components of the light intensity as detected by a photodiode. The resulting signals at 50 kHz (V 1 f ) and 100 kHz (V 2 f ) are described by
where J 1 and J 2 are Bessel functions of the first kind, A 0 is the retardation of the PEM, and r p and r s are reflection coefficients for p-and s-polarized light, respectively. It can be shown that for simple systems consisting of a thin metallic and oxidic film on top of an ͑almost͒ transparent substrate, such as Si/SiO 2 /Al/Al 2 O 3 at the He-Ne wavelength, the 2f intensity is approximately linear with the amount of metal, and is uninfluenced by the presence of the oxide. 4 The 1f signal, however, is sensitive to both changes in metallic as well as nonmetallic layers. For more complex structures, the relation becomes less linear, but the qualitative picture remains the same. Focusing on the metallic component only, we employed a differential scheme which allows us to be more sensitive to changes in the amount of metallic Al, in which the initial 2f signal ͑i.e., before oxidation͒ is set to zero by adjusting ␣. The 2f and nonoscillatory ͑dc͒ signals were monitored as a function of time, with the dc signal used to normalize the 2f signal, thus allowing comparison with simulations and independent measurements. Figure 2͑a͒ shows the normalized 2f intensity as a function of plasma oxidation time for various Al layers on Si/SiO 2 . The most striking feature, common to all thicknesses, is the extremely rapid initial change in metallic Al in the first ϳ10-20 s. This approximately exponential change in V 2 f was observed in all thicknesses studied ͑up to Ͼ30 nm͒. For Al thicknesses greater than ϳ1.5 nm, beyond ϳ50 s the amount of metallic Al decreases more slowly. For Al thicknesses below ϳ1.5-2.0 nm, the V 2 f signal is constant beyond 30-50 s of plasma oxidation, indicating complete oxidation of the Al layer. Al thicknesses of ϳ1.0 nm and less were completely oxidized within the first several seconds, while Al thicknesses greater than ϳ3.0 nm could not be completely oxidized within 10-15 min. We note that measurements were performed on Al layers as thin as 0.6 nm, with the typical noise level allowing a relative sensitivity of Ͻ0.05 nm well below the thickness of a single Al monolayer. Figure 2͑b͒ shows the same data with a logarithmic time scale, indicating that the oxidation obeys quasilogarithmic kinetics, perhaps indicative of a Mott-Cabrera oxidation mechanism. 3, 8 For the thickest layers, a simple exponential behavior is observed. However, slightly thinner layers (Ͻ6.0 nm͒, there are several different rate constants, and for the thinnest layers (Ͻ2.5 nm͒, a limiting behavior. The oxidation was generally found to be better described by a ''stretched exponential,'' i.e., a superposition of many exponentials with differing rate constants, typical for transport in disordered media. 9 Given that all of these sputtered films are polycrystalline with small grains, this would be consistent with our previous conjecture 4 that oxidation in ultrathin Al layers proceeds predominantly via grain boundaries, as is usually found for low-temperature oxidation. 8 Thus, the present data may support the conjecture that the oxidation within each grain proceeds via a Mott-Cabrera mechanism, with a distribution of grain sizes ͑consistent with scanning tunneling microscopy measurements͒. 4 In order to determine the validity of the simple optical analysis given above and establish the sensitivity of the technique, in situ XPS and optical measurements were performed on the same samples. Homogeneous Al layers grown on Si/SiO 2 were plasma oxidized for a given time and measured during oxidation using the optical technique. After oxidation, the samples were transported to an in situ surface analysis chamber where XPS spectra were taken. After XPS analysis, the same sample was then further oxidized and measured optically, and subsequently XPS spectra were again taken. The amount of metallic Al remaining was determined from the ratio of oxidic and metallic Al 2p XPS intensities, corrected for the escape depth of the electrons within a simple overlayer model 10 ͑i.e., a simple substrate/Al/Al 2 O 3 trilayer system͒. Though the role of the Al microstructure on oxidation kinetics has been previously emphasized, 4 we have not taken these details into account in correcting the XPS or the optical data. However, preliminary models indicate that though these corrections will affect the detailed interpretation of the data, they will not significantly alter the agreement between XPS and optical data. In order to demonstrate that our optical technique is valuable for process control as well, i.e., that it is capable of measuring oxidation of technologically relevant structures, we have performed measurements on thinner Al layers as well as on more ''realistic'' junction structures. Shown in Fig. 4 are optical data for two 1.0 nm Al films, one which has been only plasma oxidized, and one which has been first thermally oxidized for 45 s. For the plasma oxidized sample, the 2 f signal is essentially constant beyond ϳ10 s, indicating complete oxidation by this time. Even for only 1.0 nm Al, a high signal-to-noise ratio is achieved, indicating that films of only a few monolayers may be reliably measured. For the sample initially oxidized thermally, an almost discontinuous initial rise in the 2f signal is seen, followed by a slow increase. Once the plasma oxidation begins, the oxidation is completed within 5-10 s. Comparing the thermal and plasma oxidation, it is apparent that an equivalent of 0.6 -0.7 nm Al is almost instantaneously oxidized in 0.1 mbar O 2 without plasma. Shown also in Fig. 4 are measurements for a more realistic junction structure which has been plasma oxidized, Si/SiO 2 /Ta 5.0 nm/Co 7.0 nm/FeMn 10.0 nm/Co 3.5 nm/Al 2.3 nm. In this case, the results are qualitatively similar to those for Al layers alone.
In conclusion, we have used an optical technique to perform in situ time-resolved studies of metal film oxidation. The technique combines high temporal resolution, and potentially high spatial resolution with submonolayer sensitivity to a wide variety of metals. Utilizing in situ XPS, the validity of the technique has been established. In addition to single metal layers, the technique has been demonstrated on more complex magnetic tunnel junction structures. These results further indicate that this technique may be a powerful tool for monitoring other reactive processes as well, such as nitridation, gate oxide formation, or corrosion of thin films.
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